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We measured the speed dust devils (DDs) move across the ground on Earth 39 
Long baseline stereo imaging allowed ground motion of > 100 DDs to be measured 40 
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ABSTRACT 45 
Dust devils – convective vortices made visible by the dust and debris they entrain – are 46 
common in arid environments and have been observed on Earth and Mars. Martian dust devils 47 
have been identified both in images taken at the surface and in remote sensing observations 48 
from orbiting spacecraft. Observations from landing craft and orbiting instruments have 49 
allowed the dust devil translational forward motion (ground velocity) to be calculated, but it is 50 
unclear how these velocities relate to the local ambient wind conditions, for (i) only model 51 
wind speeds are generally available for Mars, and (ii) on Earth only anecdotal evidence exists 52 
that compares dust devil ground velocity with ambient wind velocity. If dust devil ground 53 
velocity can be reliably correlated to the ambient wind regime, observations of dust devils 54 
could provide a proxy for wind speed and direction measurements on Mars. Hence, dust devil 55 
ground velocities could be used to probe the circulation of the martian boundary layer and 56 
help constrain climate models or assess the safety of future landing sites.  57 
We present results from a field study of terrestrial dust devils performed in the 58 
southwest USA in which we measured dust devil horizontal velocity as a function of ambient 59 
wind velocity. We acquired stereo images of more than a hundred active dust devils and 60 
recorded multiple size and position measurements for each dust devil. We used these data to 61 
calculate dust devil translational velocity. The dust devils were within a study area bounded 62 
by 10 m high meteorology towers such that dust devil speed and direction could be correlated 63 
with the local ambient wind speed and direction measurements. 64 
Daily (10:00 to 16:00 local time) and two-hour averaged dust devil ground speeds 65 
correlate well with ambient wind speeds averaged over the same period. Unsurprisingly, 66 
individual measurements of dust devil ground speed match instantaneous measurements of 67 
ambient wind speed more poorly; a 20-minute smoothing window applied to the ambient 68 
wind speed data improves the correlation. In general, dust devils travel 10-20% faster than 69 
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ambient wind speed measured at 10 m height, suggesting that their ground speeds are 70 
representative of the boundary layer winds a few tens of meters above ground level. Dust 71 
devil ground motion direction closely matches the measured ambient wind direction. 72 
The link between ambient winds and dust devil ground velocity demonstrated here 73 
suggests that a similar one should apply on Mars. Determining the details of the martian 74 
relationship between dust devil ground velocity and ambient wind velocity might require new 75 
in-situ or modelling studies but, if completed successfully, would provide a quantitative 76 
means of measuring wind velocities on Mars that would otherwise be impossible to obtain. 77 
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1. INTRODUCTION 78 
Dust devils are convective vortices carrying dust and debris entrained from the surface (e.g., 79 
Balme and Greeley, 2006). They are powered by solar insolation and form most commonly in 80 
hot, arid environments where there are strong vertical temperature gradients (Renno et al., 81 
1998). Dust devils are not limited to the Earth, and have been identified on Mars from orbit in 82 
both high and low resolution imaging data (e.g., Thomas and Gierasch, 1985; Malin and 83 
Edgett, 2001; Fisher et al., 2005; Cantor et al., 2006; Stanzel et al., 2008; Towner, 2009) and 84 
from the surface in both images and meteorology data (e.g., Ryan and Lucich, 1983; Metzger 85 
et al., 1999; Ferri et al., 2003; Greeley et al., 2006; Ellehoj et al., 2010). Martian dust devils 86 
might be responsible for the persistent dustiness of the Martian atmosphere especially in the 87 
northern hemisphere summer when weather systems are generally weaker (Newman et al., 88 
2002), as their ability to lift dust could be enhanced both by the local wind shear and their 89 
low-pressure cores which could act to „suck-up‟ material as they move across the surface 90 
(Greeley et al., 2003; Balme and Hagermann, 2006)  91 
Although dust devils are highly localized phenomena, they form within regional 92 
circulations and, as such, may reflect the forces operating in that larger context. If so, their 93 
behavior might provide an opportunity to recognize general ambient conditions when no other 94 
means are available. The work presented here describes the measurement of the horizontal 95 
forward motion of dust devils and the comparison of these data with simultaneous local 96 
meteorology measurements. We use the term „ground velocity‟ to refer to the speed and 97 
direction the dust devils move horizontally across the surface, and use „ground speed‟ or 98 
„ground direction‟ to refer to magnitude and direction of the velocity. Obtaining good 99 
measurements of dust devil forward motion is important because it provides information 100 
about how dust devils fit into local and regional circulation patterns. Hence, there is a need for 101 
a large number of precise measurements linked closely with reliable ambient meteorology 102 
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data. The main aim of this work is therefore to determine whether measurements of the 103 
ground velocity of dust devils can be used as a proxy for ambient wind speed. Given the very 104 
limited number of measurements of near-surface wind speed and direction that exist for Mars, 105 
any such information would be of value for understanding wind circulation on Mars.  106 
 107 
2. PREVIOUS WORK  108 
The forward motions of terrestrial dust devils have not been studied in detail, with most such 109 
measurements being little more than estimates. Those measurements that were reliably made 110 
are limited in dataset size, are sometimes contradictory, or were not collected with concurrent 111 
local meteorology measurements. For example, Flower (1936) observed dust devils ranging in 112 
diameter from less than 2 m to greater than 50 m and found that tall and moderately wide dust 113 
devils moved fastest, and estimated speeds of up to about 10 ms
-1
. Crozier (1970) used stereo 114 
imaging and also found that dust devils of several tens of meters in diameter had ground 115 
velocities of about 10 ms
-1
 and followed ambient wind directions. In contrast, Snow and 116 
McClelland (1990) suggested that ground speeds were more commonly around 4 ms
-1
, and 117 
suggested that speeds greater than 11 ms
-1
 were probably measurement errors.  118 
Dust devils appear to travel in approximately the direction of the prevailing winds 119 
(Ives, 1947; Williams, 1948; Sinclair, 1969), but whether their ground speeds correlate with 120 
ambient wind speed is less well understood. Flower (1936) and Crozier (1970) both found 121 
that the motions of dust devils approximated the ambient winds, both in terms of direction and 122 
magnitude, but Snow and McClelland (1990) found that ambient wind speeds (measured at 10 123 
m height) were usually at least twice as large as dust devil translation speeds. However, very 124 
little detail is available about how many of these measurements were made, or how close to 125 
each dust devil the winds were recorded. Crozier‟s measurements, for example, were based 126 
only on subjective estimates of wind speed.  127 
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The formation of convective vortices (i.e. vortices equivalent to dust devils but not 128 
necessarily dust-loaded) has been demonstrated in high-resolution models of planetary 129 
atmospheres (e.g., Toigo et al., 2003; Kanak, 2005) but horizontal ground motion often has 130 
not been explicitly described. Toigo et al. (2003) found that in both high and low ambient 131 
wind experiments under martian conditions, convective vortices move with the cellular 132 
convection circulation within which they are embedded. In simulations aimed at exploring 133 
dust lifting by convective vortices on Mars, Michaels (2006) describe a dust devil travelling 134 
with the same horizontal ground velocity (~2 ms
-1
, west to east) as the ambient wind velocity 135 
at 2 m above ground level.  136 
The ground velocity of dust devils on Mars has also been measured, with these data 137 
being determined by time-sequence imaging either from orbit (Stanzel et al., 2006; Stanzel et 138 
al., 2008; Reiss et al., 2011) or from the surface (e.g., Metzger et al., 1999; Ferri et al., 2003; 139 
Greeley et al., 2006; Greeley et al., 2010). In many ways, the remote sensing data are more 140 
reliable than terrestrial field or Mars surface data, because both dust devil position and time of 141 
image acquisition can be measured more accurately, and hence ground velocity derived 142 
reliably. This means that there are potentially a large number of measurements of dust devil 143 
ground velocity that can be made, based on the large number of imaging data that exist for the 144 
martian surface. In contrast, there are currently few meteorology data from Mars, as only the 145 
Viking Lander (and to some extent the Phoenix and Mars Pathfinder Landers) had the ability 146 
to measure wind direction and speed on the surface, meaning that numerical modeling often is 147 
used to infer the near-surface wind field on Mars.  148 
The most reliable data on martian dust devil ground velocity come from the High 149 
Resolution Stereo Camera, or HRSC (Neukum and Jaumann, 2004) instrument onboard the 150 
ESA Mars Express spacecraft. This detector has nine channels which each collect images of 151 
the same area of the surface. The acquisitions of these images are separated in time by a few 152 
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tens of seconds, allowing the progress of dust devils to be observed across the surface during 153 
these intervals. Stanzel et al. (2006; 2008) and Reiss et al. (2011) used this technique to 154 
determine the forward motion of dust devils. Most of the dust devils analyzed were large – of 155 
the order of 100s of meters in diameter, reflecting the ~25 m pixel size of HRSC stereo 156 
channel images – compared with observations of dust devils from landing craft, which 157 
analyzed much smaller dust devils (e.g., Greeley et al., 2010). 158 
Stanzel et al. (2008) provide the largest data set, reporting 205 dust devils from 23 159 
HRSC image „triplets‟ each comprising two stereo images and one nadir image. They found 160 
traverse speeds of individual dust devils that ranged from a few ms
-1
 to nearly 60 ms
-1
. The 161 
ground speeds of the dust devils Stanzel et al. (2008) describe are fairly consistent within 162 
image triplets. For the 17 image triplets (or sometimes doublets) that contain more than two 163 
dust devils, the standard deviation of the ground speed is usually less than a third of the mean 164 
value, even though the mean ground speed ranges from less than 4 ms
-1
 to nearly 30 ms
-1
. 165 
Greeley et al., (2010) measured the ground speeds of about 500 dust devils using surface 166 
observations from the Mars Exploration Rover, Spirit. They found maximum speeds of nearly 167 
30 ms
-1
,
 
but their measurements indicated ground speeds of dust devils were mostly less than 168 
10 ms
-1
. Interestingly, Greeley et al. found that smaller dust devils travelled faster, although 169 
they acknowledge that there is a large amount of scatter in their data.  170 
If the ground velocity of dust devils can be shown to correlate well with local wind 171 
vectors, then martian dust devils can serve as complements or alternatives to field 172 
anemometers and wind vanes, providing measurements of wind speed and direction in the 173 
absence of near-surface meteorology instruments. These data would further constrain climate 174 
models and provide better knowledge of the wind environment in terms of landing site 175 
selection. 176 
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Before measurements of martian dust devil forward motions can be used in this way, 177 
two questions must be answered: (i) do dust devils move with the local wind in a predictable 178 
fashion? (ii) if so, what expression can be derived that links dust devil forward motion to the 179 
local winds? At present, only terrestrial field studies can answer these questions. This paper 180 
presents a method for measuring size and location of dust devils based on stereo imaging, and 181 
reports data from two field seasons spent studying dust devils in Arizona and Nevada in the 182 
southwest USA. Measurements from more than a 100 individual dust devils are presented 183 
here. We use these data to determine the location of dust devils and use multiple 184 
measurements of individual dust devils to calculate their ground velocities. Concurrently, at 185 
each field site we used a network of meteorology masts to define the local wind regime. 186 
Hence we are able to correlate the forward motion of each dust devil with the local winds at 187 
the time it was active. 188 
 189 
3. FIELD SITES  190 
In 2009 we conducted dust devil surveys in two field sites (Figure 1) in the southwestern 191 
United States: Eloy, Arizona (centered at 32.665°N, -111.546°E) and Eldorado Valley, 192 
Nevada (centered at 35.839°N, -114.963°E). In 2010 we conducted a repeat survey in 193 
Eldorado Valley. Both these locations have been used previously as dust devil study-sites and 194 
are well-characterized (e.g., Metzger, 1999; Balme et al., 2003; Renno et al., 2004). The Eloy 195 
site is located approximately midway between the cities of Tucson and Phoenix and consists 196 
of a mixture of cultivated agricultural lands and arid desert terrain, including limited shrub 197 
cover. The Eloy site lies at an elevation of about 500 m, and is a very flat site, with no 198 
significant hills within about 10 km. The Eldorado Valley site, about 30 km southeast of Las 199 
Vegas, is a dry playa lake within basin and range terrain, surrounded by low hills and alluvial 200 
fans, and has little to no vegetation. The Eldorado Valley site lies at an elevation of about 201 
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500m, and sits in a basin ringed by terrain with elevations of ~ 1000 m within 10 km of the 202 
site. 203 
For each site, study areas were defined with the aim of recording all dust devils that 204 
formed within, or crossed through, these areas. The study area boundaries were mapped using 205 
a handheld Global Positioning System (GPS) unit. For Eloy, the boundary of the study site 206 
was defined by field margins, but for Eldorado, a combination of surface textures and lines of 207 
shrubs was used. High visibility surveying tape (tied to stakes, flags or individual bushes) was 208 
further used to define areas where the boundary was unclear. The Eloy survey area was equal 209 
to 0.83 km
2
; the Eldorado survey area was 0.55 km
2
. The clear boundaries along the 210 
rectangular Eloy tract permitted a larger survey region. Three meteorology masts were 211 
deployed at each study area, forming an approximately equilateral triangle within the study 212 
area boundary (see Figure 1). For Eldorado Valley, the same mast positions were used in 213 
2009 and 2010. 214 
 215 
4. APPROACH 216 
4.1. Overview 217 
To obtain the ground velocity of a dust devil, accurate measurements of its position must be 218 
made at least twice during its lifespan. In this study, the size and position of the dust devils 219 
were obtained using a stereo camera system consisting of two imaging „spotter‟ stations at the 220 
center of the study area (see Figure 1). This allowed quantitative measurements of the bearing 221 
and angular width of the dust devils to be made from each station. The two imaging stations 222 
were each attended by a spotter team member tasked with taking simultaneous photographs of 223 
the dust devils.  224 
Four requirements were identified for the approach: (1) The position of the dust devil 225 
should be measured to an angular precision of ~ 0.1° of arc to allow ~ 1 m diameter dust 226 
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devils to be resolved at ~ 500 m. (2) Any instrumentation should be robust and easily 227 
replaced. The likelihood of damage to sensitive equipment was deemed high, so it had to be 228 
able to survive the strong winds, intense activity and the hot and dusty environment. (3) 229 
Previous experience has shown that dust devils can travel at several meters per second and 230 
that multiple dust devils often occur in the same local area at once. Hence, simplicity and 231 
rapidity of use in the field was vital to make multiple measurements of dust devils. (4) Cost 232 
effectiveness.  233 
To meet these requirements we used „point and shoot‟ weatherproof 6 megapixel 234 
digital cameras with user-definable optical zoom and exposure capabilities. The cameras were 235 
each mounted on a sturdy tripod with a head free to rotate around a vertical axis. In 2009 we 236 
used a zoom level of × 5.6, equating to a focal length of 20.4 mm and a field of view per 237 
frame of ~ 17°. In 2010 we used a lower zoom factor with a field of view of ~ 45° because 238 
results from the previous year had demonstrated that this would have significant advantages 239 
(i.e. much easier targeting for the spotter and the ability to photograph nearer dust devils 240 
without them overlapping the edge of the image) and few disadvantages (we found that the 241 
limiting factor in pinpointing dust devils within the image was not a function of angular 242 
resolution, but more a lack of contrast for distant, small dust devils). In 2009 the zoom level 243 
and field of view gave > 20 pixels per 0.1° of arc; in 2010 this was reduced to > 7 pixels per 244 
0.1°. 245 
The parameters required to calculate the size and location of the dust devils are: the 246 
locations of the cameras, the bearing of the dust devil from each camera at that time, and the 247 
angle subtended by the dust devil as seen from the camera. For each location, GPS was used 248 
to determine the position of the imaging station, giving a horizontal precision of about 0.5 m. 249 
To determine the bearing and angular width of each dust devil, we first constructed a 360° 250 
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panorama image from each camera location, to which all subsequent photographs could then 251 
be referenced, and the position of dust devils within the frame measured.  252 
An advantage of using this system of central cameras over, for example, fixed inward 253 
looking cameras at the edge of the study area is that a larger area can be covered and smaller 254 
dust devils seen. The disadvantage of this approach was that it required at least two spotters to 255 
be in the field for the duration of the study. This requirement was not a serious limitation, and 256 
in some senses was an advantage, for a larger team meant that dust devils were more quickly 257 
identified, and note-taking and documentation of many of the characteristics of the dust devils 258 
were more easily accomplished than if a single person was performing the study.  259 
Several other methods were considered in the planning stages of this project. The first 260 
option was to use multiple cameras with a remotely controlled shutter operated by a single 261 
person. However, this system would still have required two operators as the cameras had to be 262 
pointed separately and would have required more costly – and more easily damaged – 263 
cameras for it to be achievable. We also considered using two upward looking cameras with 264 
fisheye lenses that could be triggered automatically or remotely. This system suffered from a 265 
lack of image resolution, and thus to mitigate this many cameras would have had to be used. 266 
This was considered too expensive and complicated. Finally, we considered using twin 267 
cameras with built in GPS/pointing capability, but did not find cameras with accurate enough 268 
pointing capabilities to be able to measure the bearing of a dust devil to the required 0.1°. The 269 
simplest and, importantly, most robust approach was therefore to use two cameras and two 270 
operators and to later register the images to the background panorama. 271 
 272 
4.2 Field Methods 273 
The survey was performed by at least two (and almost always three) observers positioned at 274 
the spotter stations at the center of the study area (Figure 2). For each dust devil observed 275 
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within the study area, two of the spotters photographed the vortex as it moved across the 276 
study area while a third (dubbed the ‟surveyor‟) recorded the qualitative size, duration and 277 
dustiness, as well as noting the dust devil‟s approximate path on a map (for a description of 278 
the approach see Pathare et al., 2010). Whenever possible, the surveyor was in a raised 279 
position, standing in the bed of a pickup truck at the center of the survey region, and was 280 
tasked with coordinating the survey and determining whether each dust devil was within or 281 
outside the defined study area. This allowed the two spotters to concentrate on accurately 282 
taking simultaneous images of the dust devils without being hampered by data-recording 283 
tasks. Prior to the beginning of the survey a series of panorama images, each overlapping by 284 
half a field of view from the previous, were taken from each imaging station. These used the 285 
same camera settings as the spotting images and were taken from the same position and with 286 
the same cameras. All camera clocks were updated daily to GPS time to ensure that the time 287 
of each photograph was recorded accurately. 288 
For most dust devils recorded by the spotters at least one pair (and often several) of 289 
simultaneous photographs were taken. The same positions of the spotter camera stations were 290 
kept throughout the field campaigns. The spotters were in communication by radio, allowing 291 
the dust devils to be photographed simultaneously when commanded by the lead spotter. Each 292 
dust devil was given an identification code by the surveyor as it was observed and the image 293 
number and time of each photograph was recorded separately by each camera operator. At the 294 
end of each day, the individual images were filed by dust devil ID number and stored for later 295 
processing.  296 
Three meteorology masts were deployed in this study. Two 10 m masts (denoted A 297 
and B) were used, each instrumented by five cup anemometers, three temperature sensors, one 298 
barometer and a single wind vane at 10 m. Data were logged at one second intervals, recorded 299 
on Campbell CR-1000 data loggers, and downloaded at the end of each day. Only the results 300 
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from the anemometer and vane set at 10 m height will be discussed here – the rest of the 301 
instrumentation, and the results from the third mast, are of relevance to other aspects of the 302 
larger project to study dust devils in this area. The measurements of wind speed and direction 303 
from masts A and B were never further than ~500 m from the dust devils studied. 304 
 305 
4.3 Post-field methods 306 
After the field campaign, a Geographical Information Systems (GIS) technique was used to 307 
analyses the imaging data. This allowed the angular position and width of each dust devil to 308 
be determined and metadata (such as dust devil ID number, date, time etc.) attached. The 309 
method can be split into four main steps.  310 
1) Pairs of images (one from each spotter) that contain dust devils were identified and 311 
imported into a „parallax‟ GIS (with a cylindrical projection) and referenced against the 312 
background panorama. A separate GIS was built for each spotter position and for each study 313 
area and observation year.  314 
2) Within the parallax GIS, each dust devil was carefully digitized with a simple horizontal 315 
line across its width. The azimuth of the start point and center point of that line were 316 
calculated in the GIS and exported to pairs of data files (one for each imaging station). 317 
3) Using simple geometry, the pairs of angular width/azimuth data were converted into 318 
position and diameter data for each dust devil observation, giving a single dataset of location, 319 
size and time (of observation) records.  320 
4) These data were imported into a new „map‟ GIS and displayed on a map of the study 321 
region in a Universal Transverse Mercator (UTM) projection. In the map GIS, each dust devil 322 
is represented by a circle showing its diameter and position. Where multiple observations of a 323 
dust devil were made, the map GIS contains several such circles for a single dust devil. These 324 
are connected by vector objects that include metadata describing the length of that vector, its 325 
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projected azimuth, the length of time between observations and the other metadata describing 326 
that dust devil. The vector data were then exported for comparison with local meteorology. 327 
 The background panoramas for step 1 were created by stitching the overlapping 328 
panorama images together using the software tool „Hugin‟ and generated using a cylindrical 329 
projection. The Hugin tool is a free graphical interface for the „Panorama Tools‟ software 330 
suite (Dersch, 2007; http://webuser.fh-furtwangen.de/~dersch/IVRPA.pdf). These panoramas 331 
were tested and calibrated by measuring the azimuthal position of terrain features in the mid-332 
field (e.g. electrical poles, trees, houses, etc.) and far-field (mountain peaks, distant buildings, 333 
etc.) in the panoramas and comparing these with the bearings of the same features in high 334 
resolution aerial remote sensing data, or from field GPS measurements. The panoramas 335 
proved to be robust, with the azimuths calculated from the panoramas for all the calibration 336 
points matching their true bearings to +/- 0.1°.  337 
To reference the dust devil images against the background panorama, each dust devil 338 
image was assigned a GIS world file that described its resolution and position (initially all 339 
were assigned a default position of due north) and a projection to match the panorama. Then, 340 
these images were overlain by hand on the panorama using the ArcInfo georeferencing tool. 341 
For most cases only two tie-points were used, which, coupled with a linear first-order fit, 342 
allowed simple scaling, translation and rotation of the image to fit. In all cases the tie-points 343 
used were selected immediately on either side of the dust devil. It should be noted that neither 344 
vertical distortions nor distortions of the image away from the dust devil itself were 345 
considered significant – the sole requirement was to ensure that the width of the dust devil 346 
itself was correctly mapped onto the background panorama.  347 
Following image referencing, each dust devil was digitized using a simple horizontal 348 
line shapefile (a GIS vector data format). Additional data including dust devil ID number, 349 
image time and date were also stored as the dust devil was digitized. For each dust devil, two 350 
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digitized lines were drawn: one from the spotter A image referenced to the spotter A 351 
panorama and one from the Spotter B image referenced to the Spotter B panorama. From 352 
these shapefiles the start point and center point of each line were then extracted and exported 353 
to a calculation spreadsheet. 354 
For the many columnar and well-defined dust devils photographed, digitizing was 355 
straightforward. However, natural dust devils are not always simple columns of dust – they 356 
are often disordered, v-shaped, comprise multiple interior rotating columns, or in other ways 357 
are complex and variable over their duration. For these we developed additional processing 358 
steps and guidelines. For diffuse dust devils image processing was sometimes needed to 359 
reveal them or determine their widths. This was performed within the GIS using either a 360 
simple „min-max‟ level stretch, in which the range of the brightness levels of the input image 361 
was mapped onto the full range of levels available in the output image, or a „standard 362 
deviations‟ stretch wherein the intensity range of the output image was created from different 363 
central sections of the full range of the input image levels, thereby improving the contrast of 364 
different parts of the levels range. Dust devils that were too faint for their shape to be 365 
accurately defined were excluded from the study. For complex dust devils, the following 366 
guidelines were developed to ensure internal consistency within the data set. For dust devils 367 
comprising multiple subsidiary vortices within a poorly dust-loaded envelope we measured 368 
the whole system; in cases where dust devils had a diffuse outer column surrounding a well-369 
defined central column, we measured the outer column width, and where dust devils had v-370 
shaped columns we defined the width as the point at which the v-shaped column transitioned 371 
into a more vertical one. When dust devils had columns that were at an angle to the surface 372 
(as is often the case) we defined the width as usual but placed the center point where the dust 373 
devil intersected the ground. Although it is virtually impossible to define the range of dust 374 
devil morphologies in any simple way and in some cases arbitrary decisions regarding the 375 
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positioning of dust devil edges had to be made, we endeavored to be consistent throughout the 376 
study. 377 
When the size and position of each dust devil had been extracted, the diameters of 378 
each dust devil, as measured from the two different imaging stations, were compared. Those 379 
pairs showing high discrepancies (more than 15%) were double-checked in the parallax GIS. 380 
Differences were sometimes assigned to digitizing error and corrected, but in some examples 381 
the dust devils did appear to be wider in one spotter‟s image than another. This is unsurprising 382 
given that the spotters observed the dust devils from two different angles and that the 383 
geometrical solution assumes that all dust devils are simple, solid cylinders. In reality, of 384 
course, dust devils are not always cylindrical and the effects of both this and lighting effects 385 
altering the perceived shape of a dust devil were impossible to account for. Furthermore, 386 
many dust devils demonstrate variable dimensions over their lifetime. 387 
Although discrepancies in the measurements arising from the complex nature of the 388 
dust devils themselves are difficult to quantify, errors inherent in the technique are not. We 389 
propagated estimated measurement errors to create errors in the final position and diameter of 390 
each dust devil. The dominant source of error in position is the uncertainty in the selection of 391 
the center point of the dust devil. This could arise from two main sources: i) camera pointing 392 
error, including panorama inaccuracy and referencing accuracy, and ii) phenomenon-intrinsic 393 
„error‟ including digitizing difficulties and asymmetry of dust devil columns. Error in the 394 
measured pointing azimuth becomes large when the parallax angle becomes small (i.e. when 395 
the bearing of the dust devil is similar from both spotters). Hence, error in the measured range 396 
becomes high when (i) the dust devils are aligned with the spotters along the baseline of the 397 
camera survey and (ii) when the distance to the dust devil becomes large. To display this 398 
error, the propagated error in range from each spotter was determined to create four points in 399 
space around the position of the dust devil. An ellipse was then fitted to these points to give 400 
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an estimate of the spatial uncertainty in the position of the centroid of each dust devil. Figure 401 
4 demonstrates how most of the uncertainty in position is radial with respect to the observers. 402 
To convert position measurements into ground velocity vectors, UTM map-projected 403 
data were used. For each dust devil that had been photographed multiple times the distance 404 
and time between successive positions was extracted from the GIS to give the speed and 405 
direction of travel. We were able to extract several horizontal motion vectors for most dust 406 
devils. The positional error ellipses defined above were used to give an estimate of the 407 
maximum and minimum distance the dust devil could have travelled while appearing to be in 408 
the same position in the parallax images. The error in recorded time between image pairs was 409 
taken to be one second. Hence we extracted error estimates for the speeds of each dust devil. 410 
Errors on speed were large when (i) dust devils were moving towards or away from the 411 
spotters (as most of the uncertainty in position is radial) and (ii) when distant dust devils were 412 
moving perpendicular to the spotters‟ look direction. Both of these effects were exacerbated 413 
by the effects of a small time between adjacent image pairs (this was sometimes as small as 414 
five seconds, or a 20% uncertainty). Hence the estimated errors on the speed of the dust devils 415 
were sometimes as large as several tens of percent.  416 
 We use the meteorology data from 10 m height, for this is where simultaneous speed 417 
and direction measurements were made. For these data, any wind direction measurements that 418 
were made when wind speeds were less than 0.9 ms
-1
 were removed from all calculations. 419 
This is necessary because this is the threshold wind speed required to move the wind vanes, 420 
so very low wind speeds give fallacious direction data. 421 
We compared the ambient wind data with the dust devil ground velocity vectors in 422 
several ways in order to compare different temporal and spatial scales of dependence on 423 
ambient winds. First, we used only those times of day when each dust devil image pair was 424 
acquired to define a time period for that specific dust devil ground-track section. The position 425 
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of the dust devil at the center of this track-section was then used to determine which of the 426 
two meteorology masts (A or B) was nearest during that time. For each dust devil track 427 
section velocity vector, we compared those wind vector data from the nearest mast within that 428 
time period. This comparison investigates whether dust devil ground motion is related to 429 
ambient wind speed at the smallest spatial and temporal scales. Secondly, we used a 20 430 
minute rectangular window function to smooth the ambient wind data and then compared the 431 
dust devil ground speeds from individual ground tracks with the smoothed data from the 432 
nearer mast. This removes short timescale variations in ambient wind, but still compares 433 
individual dust devil ground speeds with the winds at the nearer mast. Thirdly, we averaged 434 
all the dust devil ground velocities each day over three two-hour periods: 10:00-12:00, 12:00-435 
14:00 and 14:00-16:00 and compared these with the mean ambient wind velocities measured 436 
over this time. This comparison investigates whether dust devil motions are representative of 437 
ambient winds measured at the scale of the study area (~ 1 km linear dimensions) and 438 
provides several measurements over the course of a dust devil active day (10:00 to 16:00). 439 
Finally, in order to compare daily dust devil motion and meteorology data, we averaged the 440 
mean ambient wind velocity across the whole of the dust devil active period of each day and 441 
compared these with day-averaged dust devil ground velocities.  442 
 443 
5. RESULTS 444 
5.1. Track shape 445 
Figure 5 shows a summary of all the plotted tracks of dust devils observed during the 2009 446 
Eloy and 2010 Eldorado Valley field campaigns. In each figure, different line symbologies 447 
represent different days in the study. It can easily be seen that the overall patterns of dust 448 
devil motion are West to East for Eloy and approximately South to North for Eldorado, 449 
although in each of the studies one day of anomalous path direction occurs. No attempt is 450 
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made in this study to distinguish between large and small dust devils (although most of the 451 
dust devils observed here were at least a few meters in diameter and persisted for several tens 452 
of seconds or longer). Overall, most of the dust devils followed straight paths on the 500 m 453 
scale. We did not observe curlicue paths as seen on Mars (e.g., Edgett and Malin, 2000) nor a 454 
majority of severely curved paths, as reported to be dominant on Earth (Flower, 1936).  455 
 456 
5.2 Dust devil ground speed. 457 
Figure 6 shows the calculated dust devil ground speed plotted against the mean ambient wind 458 
speed (measured at 10 m height above the surface for the tower nearest to the dust devil). 459 
Each point represents an individual measurement based on two pairs of stereo spotter images; 460 
in figure 6a the mean wind speed was calculated for the time interval between these two pairs 461 
of images, and in figure 6b it was calculated using a 20 minute rectangular window function. 462 
A linear least squares fit, un-weighted through the origin shows a relationship between dust 463 
devil ground speed and ambient wind speed, although the amount of scatter is large. The 464 
scatter is much less when the instantaneous dust devil wind speed is compared to wind speed 465 
data that has been subjected to a 20 minute rectangular smoothing window function. The 466 
linear fit suggests that dust devil forward velocity appears to be about 5-15% faster than the 467 
10 m height wind speeds as measured from the nearest meteorology mast. Within uncertainty 468 
limits, both Eloy and Eldorado data plot on the same best fit line, so regression lines shown in 469 
figure 6 are fitted to both data sets. 470 
 Figure 7 shows wind speed data averaged spatially and temporally. In figure 7a dust 471 
devil ground speed and ambient wind speed are averaged over two-hour periods, so each 472 
point represents the mean dust devil ground speed for that time period for that day. The data 473 
for dust devil ground speed are averaged over the entire study area. Results from both study 474 
areas are shown on the same graph. An obvious outlier to the data can be seen in figure 7a, 475 
  
21 
 
this point representing a single, fast-moving dust devil observed at Eldorado Valley during the 476 
afternoon of 25/6/2010. Several fast moving dust devils were seen at this time; this was the 477 
windiest day of the ten field days described here.  478 
Figure 7b shows similar data, but averaged over a whole day (10:00-16:00). The daily 479 
and two-hourly averaged data show similar results: a strong correlation between dust devil 480 
ground speed and ambient wind speed. In both cases, the dust devil ground speed is 481 
consistently faster than the ambient wind speed measured at 10 m height. The data show that 482 
both ambient wind speed and dust devil ground speed were on average slightly faster at the 483 
Eldorado Valley field site than the Eloy site. 484 
 485 
5.3 Dust devil ground motion direction 486 
Ambient wind direction data were compared to the time averaged dust devil azimuth data at 487 
both daily (figure 8a) and two-hour time scales (figure 8b). This was done because there was 488 
some morning to afternoon variability in direction of the ambient winds, especially on those 489 
days with lower wind speed. Hence we were able to test whether dust devil ground direction 490 
followed this variation. For the two-hour averaged data, the difference between the mean 491 
ambient wind direction and the mean dust devil motion direction during that time was 492 
calculated, giving direction difference values in the range -180° to +180°. Here, positive 493 
values represent an ambient wind direction that is clockwise (i.e., to the right hand side) of the 494 
dust devil track azimuth, and negative values counter-clockwise. Track data from two-hour 495 
periods with only one measurement were excluded from the comparison. Figure 8b shows 496 
these data for the 10 field days, broken down by time of day. The difference between the 497 
direction of the time-averaged dust devil ground velocity and the direction of the 10m height 498 
ambient wind is less than 90° in all instances, and only 9 out of 52 measurements show a 499 
  
22 
 
difference of more than 30°. There is no consistent deviation to one side or the other of dust 500 
devil ground motion direction compared to the ambient wind direction. 501 
Figure 8a shows day-averaged dust devil ground motion direction plotted against day-502 
averaged wind direction (10:00 to 16:00 local time) for each of the ten study days. In all cases 503 
except one, the mean wind direction was very close to the mean dust devil ground motion 504 
direction (usually differing by less than 10°, and certainly within one standard deviation). The 505 
only day with a larger disparity was the 22
nd
 June in 2010; this day had the lowest mean 506 
ambient wind speeds (Table 1). 507 
Lower wind speed days in general have more variability in dust devil track ground 508 
direction. Figure 9 shows standard deviation of day-averaged dust devil ground motion 509 
direction as a function of day-averaged wind speed (averaged over both masts). The days with 510 
mean speeds of less than about 3 ms
-1
 had much greater variability in dust devil ground 511 
motion direction than those from faster wind days. Table 1 shows a summary of the wind 512 
speed and direction data and comparison with the dust devil ground velocity. The mean 513 
ambient wind speeds presented are averages of the 1 Hz sample rate data at 10 m height 514 
limited to the dust devil active periods (10:00 to 16:00 local time). Both Mast A and B data 515 
are shown.  516 
 517 
5.4. Dust devil diameter  518 
To test whether dust devil ground speeds are a function of diameter, we extracted the 519 
measured diameters of each dust devil from the single day with the most dust devil 520 
measurements (29
th
 June 2010; Eldorado Valley). A single day‟s data was used, to somewhat 521 
exclude the effects of ambient wind strength (the 20 minute smoothed wind speed from this 522 
day had only a narrow range: from ~ 5 ms
-1
 in the morning, to ~ 7 ms
-1
 in the afternoon). Dust 523 
devil diameter was obtained by averaging the diameter from the image pair taken at the 524 
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beginning and end of each ground track, giving a total of about 60 measurements of diameter 525 
and ground speed (Figure 10). There was no correlation between dust devil size and ground 526 
speed. We also calculated the difference between dust devil ground speed and ambient wind 527 
speed (at 10 m height, measured at the nearest meteorology mast) for each track section. This 528 
was done to examine whether the dust devil ground speed in this track section was faster or 529 
slower than the ambient winds during this period, and if this was influenced by diameter. 530 
Again, there was no correlation between dust devil size and dust devil ground speed relative 531 
to ambient wind speed. We conclude that dust devil ground velocity is independent of dust 532 
devil diameter. 533 
 534 
5.5. Results summary 535 
The key results are: i) In general, dust devil ground velocity is a function of ambient wind 536 
velocity as measured at 10 m height. Ground speed is 10-20% higher than ambient wind 537 
speed recorded at 10m height; ii) Measurements of individual dust devil ground velocities 538 
give an approximate indication of the instantaneous local (within a few hundred meters) wind 539 
velocity at 10 m height. Much better correlation is seen in the two-hour and day-averaged 540 
speed and direction data; iii) Almost all the dust devils recorded here tend to have linear to 541 
curvilinear tracks, rather than following sinuous or curlicue paths; iv) There is no indication 542 
that a dust devil‟s ground velocity is related to its diameter.  543 
 544 
6. DISCUSSION 545 
The data provided show that dust devils tend to move with the ambient wind field. This is not 546 
an unexpected result given previous observations (Flower, 1936; Crozier, 1970). What is 547 
unexpected, though, is that the dust devil motion is so fast: daily mean forward speeds of up 548 
to 12 ms
-1
 were recorded. Interestingly, the dust devil translational speeds found in this study 549 
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are similar in magnitude to 15 measurements of dust devil ground speed made by Crozier 550 
(1970) who also used a stereo imaging system, but who only obtained estimates of ambient 551 
wind speed. Several previous studies that attempted to record dust devil forward motion 552 
concluded that dust devils travel slower than ambient wind speeds (e.g., Snow and 553 
McClelland, 1990). However, many of these have also been subjective, estimating dust devil 554 
position (and hence velocity) by reference to surface features, or have not presented reliable 555 
meteorology data. We suggest that our quantitative, long-baseline, stereo measurements of 556 
dust devil position are far more reliable than single viewpoint azimuth and range estimates, 557 
and hence our quantitatively-derived dust devil ground velocities are more reliable.  558 
 We found no evidence that the ground velocity of a dust devil is related to its diameter 559 
(Figure 10). This agrees with remote sensing observations of martian dust devils (Stanzel et 560 
al., 2006; Stanzel et al., 2008; Reiss et al., 2011) but is somewhat at odds with observations 561 
from the ground; Greeley et al. (2010) find some evidence for smaller dust devils travelling 562 
faster. We note that there seems to be no reason why dust devil diameter should affect 563 
velocity, because dust devils are not removed from the local wind regime, but occur within it. 564 
Hence a larger diameter dust devil would move at a speed that is representative of a slightly 565 
larger range of horizontal positions in the background wind, but this would not have any net 566 
effect on the mean velocity We also found no evidence for consistently curved or curlicue 567 
tracks, unlike early observation of dust devils on Earth (Flower, 1936). However, the longest 568 
tracks we documented were about a kilometer in length, and most were only a few hundred 569 
meters long, so it is possible that longer track observations (or a higher sampling rate) might 570 
provide a different result.  571 
In this study, the time-averaged dust devil ground speeds are consistently > 10% faster 572 
than the time-averaged boundary layer wind speed measured at 10 m height. It seems very 573 
unlikely that this could be caused by spatial inhomogeneities in the wind field (for example 574 
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due to the position of the masts resulting in their measuring preferentially low wind speeds) as 575 
the trend is consistent across five days per study area and across two different study areas. We 576 
conclude that the dust devils are travelling faster than the winds measured at 10 m height, and 577 
instead travel at a similar speed to the boundary layer winds at a height above 10 m.  This 578 
height can be calculated assuming a simple boundary layer wind velocity profile such as 579 
0
ln
0.4
1
z
z
=
u
U
     (1) 580 
where U is the wind speed at height z, u* is the surface friction wind speed and z0 the 581 
aerodynamic roughness. We can approximate the height at which dust devil translation speed 582 
equates to the ambient wind speed. Assuming a value for z0 of 0.001 m, consistent with 583 
measurements of the playa in Eldorado Valley (Metzger, 1999), and that at 10 m height the 584 
dust devil translation speed is 10% greater than the boundary layer wind speed, eq. (1) 585 
suggests that the height at which the boundary layer wind speed is 10% faster than its 10 m 586 
value is ~ 25 m. For values of z0 an order of magnitude smaller and larger (i.e., 0.0001 m or 587 
0.01 m), the heights at which the boundary layer wind speed is 10% greater than its 10 m 588 
value are ~20 m and ~30 m. This shows that the calculated height is relatively insensitive to 589 
the value of z0. 590 
The simple calculation for the height suggests that dust devils travel at a speed 591 
equivalent to ambient winds within the planetary boundary layer about 20-30 m above the 592 
surface. This in turn suggests that the base of a dust devil is travelling faster than the time-593 
averaged boundary layer winds near the ground and demonstrates that dust devils contain 594 
intense near-surface winds of several tens of meters per second. We suggest that this is 595 
because dust devils are strong, highly nonlinear phenomena which are able to maintain their 596 
vertical coherence and move at the same velocity at almost all heights, even in the presence of 597 
vertical shear in the background wind. This does not mean that the dust devil ground motion 598 
is only influenced by the wind at one height (20- 30 m in this study), but that its motion must 599 
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reflect both an integrated wind profile over its whole cross-section and the integrated effect of 600 
the frictional near-surface boundary layer. This reinforces the conclusion that dust devil wind 601 
shear alone is sufficient to lift most dust to granule-scale sediments on Earth (Balme et al., 602 
2003), and that other mechanisms, such as the pressure-deficit suction effect (Balme and 603 
Hagermann, 2006) or electrification (Kok and Renno, 2006) are not required (although they 604 
may contribute). Whether this is also the case on Mars has not yet been tested.  605 
 In terms of direction, observed dust devil ground motions were consistently within 606 
about 30° of the direction of the 10 m height ambient winds. In particular, when dust devil 607 
ground motion direction was averaged over a whole day, the agreement between mean dust 608 
devil direction of travel and ambient wind direction is very close. Those days where there was 609 
less agreement were also those days with the lowest values of ambient wind speed (Figure 9), 610 
suggesting unsurprisingly that at low speeds dust devils follow a more variable path. This 611 
might also be due to instrument effects, for wind direction data points obtained when wind 612 
speed was low were filtered out. 613 
The measurements presented here suggest that, on Earth, dust devil ground velocity 614 
can be used as a proxy for measurements of ambient wind velocity in the boundary layer at 615 
20-30 m above ground level. Single measurements of individual dust devils provide a 616 
reasonable approximation of the ambient wind speeds averaged over 20 minutes (Figure 6b), 617 
but multiple measurements of several dust devils in the same local area give a more reliable 618 
indication of the mean wind field at this height over a several-hour period (Figure 7). 619 
If the agreement between dust devil ground motion and boundary layer wind velocity 620 
also holds true for Mars, and there seems no physical reason why this should not be the case, 621 
then multiple images of dust devils (from orbit or the surface) can be used to measure martian 622 
wind speeds and direction. Furthermore, even single measurements of dust devil motion can 623 
provide an estimate of ambient wind speed within certain limits (for example, the spread of 624 
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the data in Figure 6). Preliminary studies in this direction have begun: Stanzel et al. (2008) 625 
found broad agreement between wind speeds from global climate models at heights equal to 626 
the top of observed dust devil and the ground speeds of the dust devils. The results presented 627 
here support this methodology, but it should be noted that although dust devils in a single 628 
HRSC image triplet are all observed within a few minutes of one another, spatially they can 629 
be fairly distant, as HRSC images can be tens of kilometers wide and hundreds of kilometers 630 
in latitudinal extent. Hence, these dust devils are not necessarily local to one another in quite 631 
the same way as those reported in this study for the Earth. Nevertheless, they do represent a 632 
snapshot of dust devil ground speed in this region and at this time. Overall, the HRSC data 633 
show that dust devil ground speeds on Mars appear to be about three times greater than 634 
observed on Earth, based on our study results. Greeley et al., (2010) find speeds more similar 635 
to those we measured on Earth, but examined much smaller dust devils, and used what is 636 
perhaps a much less accurate method to estimate position (and hence speed). We suggest that 637 
variations between dust devil ground speeds seen in different regions of Mars reflect the local 638 
wind conditions, and a larger catalogue of dust devil ground velocities should be developed. 639 
The Mars Science Laboratory Curiosity Rover should provide at least one more study area. 640 
Therefore, comparison between Earth and Mars can at present only be a preliminary estimate, 641 
for we report only two specific areas on Earth, and the dataset for Mars is also spatially 642 
limited.  643 
The use of dust devils as proxies for wind speed within the boundary layer on Mars is 644 
important for several reasons. First, tracking dust devils provides a technique to measure wind 645 
speed that probes a part of the boundary layer (probably tens to hundreds of meters above 646 
ground level for Mars) that is difficult to sample for planetary missions: too high above the 647 
ground for meteorology sensors to be easily deployed, and too low for orbiting sounding 648 
instruments to view. This part of the boundary layer is also important as an input for climate 649 
  
28 
 
models as many Mars global climate models have a lowest level about 5 m from the surface 650 
and two or three more levels up to about 100 m (e.g., Forget et al., 1999; Haberle et al., 1999; 651 
Lewis et al., 1999).  652 
Second, our results potentially show that dust devil ground velocity is not micro-653 
controlled by surface relief but by boundary layer winds. Hence, measurements of wind 654 
velocity derived from dust devil motion probably do not suffer from the effects of small 655 
surface obstacles, as might be the case for meteorology instruments on landing craft, which 656 
can be „shadowed‟ by local topography, or suffer instrument breakdowns or miscalibration 657 
(e.g., Chamberlain et al., 1976; Murphy et al., 1990; Schofield et al., 1997). However, it 658 
should be noted that further field studies in dust devil active regions with more significant 659 
roughness elements are required to confirm this result, as both Eloy and Eldorado are 660 
relatively aerodynamically smooth.   661 
Third, dust devil ground velocity can be derived for many locations and times across 662 
the martian surface, providing a large data set that is useful not only for understanding the 663 
climate but perhaps also for determining the environmental conditions and therefore safety of 664 
future landing sites. This technique also allows wind speeds to be extracted from past imaging 665 
data, and this can be used to help validate climate models over several Mars years.  666 
 To determine robustly whether dust devils can be used as proxies for wind velocity on 667 
Mars, and if so to calculate at what height within the boundary layer dust devil motions are 668 
representative of, will require more research, specifically using in-situ observations from 669 
Mars and/or atmospheric modeling. For in-situ sampling, multiple measurements of dust devil 670 
position, together with simultaneous, ambient wind speed/direction measurements from a 671 
nearby landing craft, are required. Assuming that any meteorology mast on Mars will be at a 672 
relatively low height (1-2 m), a reliable measurement of local surface friction roughness must 673 
then also be obtained if boundary layer wind speeds are to be extrapolated to higher levels. 674 
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Using these data, dust devil ground velocities could then be compared with ambient wind 675 
data. If there appears to be a linear relationship between ambient wind velocity and dust devil 676 
ground motion, then the level within the boundary layer at which the dust devil motion is 677 
representative of can be extrapolated from knowledge of the surface friction roughness. This 678 
method could be attempted by Curiosity, which has both surface imaging (Malin et al., 2010) 679 
and meteorology instruments (Gómez-Elvira et al., 2011), or by the proposed ESA ExoMars 680 
mission.  681 
Error in estimating the dust devil velocity on Mars could be large, however, because 682 
dust devil position will have to be estimated based on comparison with surface features, not 683 
long baseline stereo imaging, although some very reliable data might be obtained by 684 
simultaneous targeted orbital imaging. Also, measurements of surface friction roughness 685 
could be challenging to obtain with the meteorology instruments that are to be deployed, 686 
although we note that new global-scale estimates of aerodynamic roughness length based on 687 
rock abundances have been recently derived (Hébrard et al., 2012). 688 
In-situ measurements could be complemented by the use of high-resolution numerical 689 
modeling techniques. Recent work has demonstrated that convective vortices can be resolved 690 
in both martian and terrestrial simulations (Kanak et al., 2000; Michaels and Rafkin, 2004; 691 
Spiga and Forget, 2009). Such models can be validated for Earth using the relatively plentiful 692 
field observations such as those presented here, and then could provide a means to investigate 693 
how dust devil ground velocity might vary with changing planetary parameters to those 694 
appropriate to Mars and thus to establish the relationship between dust devil velocity and 695 
ambient wind profile on Mars. 696 
 Finally, although the methodology presented here has provided a large amount of 697 
reliable data for dust devil ground velocities, specific aspects of the method proved time 698 
consuming, so there is scope for some improvement, especially with a larger budget. One 699 
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specific improvement would be to use three fixed cameras with higher-specification optics 700 
and larger sensors, set in an inward-looking, triangular arrangement. Although this would be 701 
expensive if equivalent angular resolution was to be maintained for the same study area size 702 
(i.e. cameras with larger sensors and better optics would be required), it would mean that 703 
registration of the images against a background would not be necessary, hence saving one 704 
step in the image processing pipeline. This system would also mean that all three cameras 705 
could be operated remotely by a single spotter, so it might also be a more efficient field 706 
approach. 707 
 708 
7. CONCLUSIONS 709 
Using long baseline stereo imaging we have measured the precise size and location of many 710 
dust devils over two field seasons. We have used multiple images of the same dust devil to 711 
calculate the ground velocity of each dust devil and compared this to ambient wind velocity. 712 
The methodology has been successful, and demonstrates the utility of this approach. 713 
Day and two-hour averaged dust devil ground speed correlates well with ambient wind 714 
speeds averaged over the same period measured at 10 m height. Individual measurements of 715 
dust devil ground speed match instantaneous measurements of ambient wind speed more 716 
poorly, but are better approximated by a 20-minute smoothing window applied to ambient 717 
wind speed data. Dust devil ground velocity direction also closely matches the ambient wind 718 
direction. In general, dust devils appear to travel 10-20% faster than ambient wind speed 719 
measured at 10m height, suggesting that dust devils ground speed are representative of the 720 
boundary layer wind speeds at heights of a few tens of meters above ground level.  721 
That dust devils move faster than the time-averaged near-surface wind field 722 
demonstrates that the near-surface winds associated with dust devils are intense. This is 723 
consistent with the notion that surface shear stresses caused by dust devils are high enough to 724 
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entrain the material seen within them, rather than necessitating other mechanisms for dust 725 
lifting based on pressure deficit or electrical charging. This might not be the case on Mars.  726 
 Given the link between ambient wind speed and dust devil ground velocity on Earth, it 727 
seems likely that a similar one should apply on Mars. Determining the details of this 728 
relationship would likely require new in-situ or modeling studies but, if completed 729 
successfully, could provide a quantitative method for dust devils on Mars to be used as 730 
proxies for wind speed measurements. Such data would be very useful inputs for climate 731 
models and for determining the state of the atmosphere during landing site studies. 732 
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Figure Captions for Balme et al. “Field measurements of horizontal forward motion 874 
velocities of terrestrial dust devils: towards a proxy for ambient winds on Mars and 875 
Earth.” 876 
 877 
Figure 1. Locations of Field Sites.  The Eldorado site (left hand side of image) is located in 878 
the southern part of a playa lake that sits in turn within a basin. The precise boundary of the 879 
study area is shown by the black outline. The close-up view (bottom left) shows the study 880 
area outline, the positions of the three meteorology masts (designated A, B and M), and the 881 
positions of the two spotter stations (A and B). The southern part of the study area contains 882 
the distal end of alluvial fan/debris flows, but otherwise the surface is fairly homogeneous. 883 
The Eloy site (right) is within very flat agricultural land and, apart from the light-aircraft 884 
runway in the east is extremely homogeneous. Image base maps are from the ESRI ArcGIS 885 
online imaging service. Image credit ESRI; i-cubed. 886 
 887 
Figure 2. Sketch showing location of spotter camera stations in relation to a passing dust devil 888 
and the three meteorology masts. In this example, three phototographic pairs were acquired, 889 
allowing three measurements of dust devil size and position, and two measurements (sections 890 
1 and 2) of dust devil ground velocity. 891 
 892 
Figure 3. Diagram showing the image processing pipeline required to obtain size/position 893 
measurements of dust devils. In the first step, multiple photographs of the same dust devil are 894 
plotted against the background panorama, for both Spotter A (top) and B (bottom). The 895 
angular size and azimuth from each spotter are converted into position and diameter 896 
measurements and displayed on a map of the study area (center). From this map, velocity 897 
measurements can be extracted, knowing the time each image was taken. 898 
 899 
Figure 4. GIS map view of the northern part of the Eldorado Valley study area showing 900 
positional error ellipses. Colored circles represent the location and size of individual dust 901 
devils during the field campaign day of the 23
rd
 June 2010. Each dust devil is represented by a 902 
different color. The pale-colored ellipses represent the calculated uncertainty in the center 903 
point of each dust devil location. Note how the error in range gets very large for those dust 904 
devils co-aligned with the two spotter stations. 905 
 906 
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Figure 5. Dust devil ground motion paths calculated from the imaging campaign in the Eloy 907 
(top) and Eldorado Valley (bottom) study areas. Each arrow head represents a separate track 908 
section; each composite line of several track sections represents a different dust devil. 909 
 910 
Figure 6. All dust devil ground speeds plotted against ambient wind speed measured at 10m 911 
height. The horizontal errors bars represent one standard deviation of the wind speed data. 912 
The vertical error bars represent estimated uncertainty on the speed measurement as described 913 
in Sec. 4.3. Dashed lines in both plots indicate 95% prediction intervals on Y. Each data point 914 
represents a single dust devil ground track section, not a single dust devil. Blue points are 915 
Eloy data, red points are Eldorado Valley data. In figure 6a the ambient wind speed shown is 916 
extracted from the 1 Hz sampling rate wind speed data, averaged over the time the dust devil 917 
was active during that section of its track. In figure 6b the ambient wind speed shown is 918 
extracted from a 20 minute rectangular window function applied to the 1 Hz wind data, 919 
centered on the time the dust devil was active.  920 
 921 
Figure 7. Time averaged dust devil ground speed plotted against ambient wind speed. Figure 922 
7a shows both dust devil ground speed and 10 m height ambient wind speed averaged over 923 
three two-hour periods per day. Diamonds represent data for the 10:00-12:00 period, squares 924 
for 12:00-14:00 and triangles 14:00-16:00. Filled symbols are for Eloy, unfilled for Eldorado 925 
Valley. Horizontal error bars represent the standard deviation of the ambient wind speed data. 926 
Vertical error bars represent the average percentile error on the ground speed from those dust 927 
devil tracks within that time period. Note that the outlier data point, top-right, is excluded 928 
from the best-fit. Figure 7b shows the same data but averaged over a whole day (10:00 to 929 
16:00). Blue symbols are for Eloy, red for Eldorado Valley. In both plots, the dashed line 930 
shows the 1:1 ratio between dust devil ground speed and ambient wind speed for comparison. 931 
 932 
Figure 8. Time-averaged ambient wind speed measurements compared with time-averaged 933 
dust devil ground directions. Figure 8a presents two-hour averaged data and shows the 934 
difference between the dust devil track azimuth and the 10 m height wind direction. The 935 
vertical error bars show 1 standard deviation in the dust devil ground velocity direction data. 936 
Figure 8b shows day-averaged ambient wind directions (at 10m height) and daily mean dust 937 
devil ground velocity azimuths. The mean values presented are vector averages. 938 
 939 
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Figure 9. Standard deviation of dust devil ground motion direction with mean daily 10 m 940 
height wind speed. Each point shows a different day.  941 
 942 
Figure 10. Dust devil ground speed as a function of dust devil diameter, for approximately 60 943 
dust devil measurements taken on 29
th
 June 2010 in Eldorado Valley. 944 
 945 
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 1 
Site Date 
DD mean 
V (m/s) 
DD 
mean  
V (m/s) 
DD 
azimuth 
(°) 
DD 
azimuth 
(°) 
Ambient 
mean W, 
Mast A 
(m/s) 
Ambient 
mean W, 
Mast B 
(m/s) 
Ambient 
mean 
wind 
direction, 
Mast A (°) 
Ambient 
mean 
wind 
direction, 
Mast B (°) 
EV 22 June 2010 2.3 1 266 50 1.8 1.9 215 195 
EV 23 June 2010 5.55 1.31 345 28 3.6 3.7 340 331 
EV 24 June 2010 10.25 1.55 353 19 7.8* 8.7 2* 356 
EV 25 June 2010 11.85 1.6 352 25 9.6 10.2 354 358 
EV 29 June 2010 7.2 1.7 356 27 5.2 6 349 357 
EL 01 June 2009 3.52 0.52 75 38 3 3.2 75 74 
EL 02 June 2009 1.96 0.28 87 52 2.3 2.3 99 88 
EL 03 June 2009 2.84 0.26 180 37 2.3 2.4 185 199 
EL 04 June 2009 3.88 0.45 74 19 4.1 3.8 76 67 
EL 06 June 2009 9.00 1.21 45 14 7.5 7.1 53 53 
 2 
Table 1. Mean wind speed, azimuth and dust devil ground velocity summary. Data for dust 3 
devil ground speed (V) and azimuth are averaged over all dust devil tracks measured during 4 
that day. Ambient wind speed (W) and azimuth are averaged over the dust devil active portion 5 
of the day (11:00 to 16:00 local time). EV = Eldorado Valley, EL = Eloy. One standard 6 
deviation values () are given for mean dust devil ground speed and direction. 7 
* Due to equipment failure, data were collected only from 13:11 to 16:00 on this day. 8 
 9 
Table
  
Research highlights 1 
We measured the speeds that dust devils (DDs) move across the ground on Earth 2 
Long baseline stereo imaging allowed ground motion of > 100 DDs to be measured 3 
Ambient winds were simultaneously obtained using meteorology masts 4 
Time averaged DD velocity correlates well with mean 10 m height ambient wind velocity 5 
DDs move 10-20% faster than ambient winds measured at 10 m height 6 
 7 
